The effects of metallic nanoparticles as cytotoxicity or antibacterial activity are widely known. It is also obvious that ultrasound is one of the most widely used therapeutic modalities in medicine. The effect of application of therapeutical ultrasonic field in the presence of metallic nanoparticles AgCu <100 nm modified by phenanthroline or polyvinyl alcohol was examined on human ovarian carcinoma cells A2780. Metallic nanoparticles were characterized by electron microscopy and by measuring of zeta potential. The cell viability was tested by MTT test. The experimental results indicate a significant decrease of cell viability, which was affected by a combined action of ultrasound field and AgCu nanoparticles. The maximum decrease of cells viability was observed for nanoparticles modified by phenanthroline. The effect of metallic nanoparticles on human cell in presence of ultrasound exposure was found-a potential health risk or medical advantage of targeted therapy in the future.
Introduction
Ultrasound is widely used in medicine and represents a large percentage of all imaging methods. Ultrasound is also used in therapy. For this reason it is necessary to study the effects of ultrasound on biological objects, although it is generally considered a modality with a very low risk of damage to the patient. The main mechanisms of biological action of ultrasonic energy on biological systems include cavitation, increase in temperature, and mechanical stress [1] . This paper shows that it is possible to observe changes due to ultrasound at the cellular level, for example, as changes in the porosity of cell membranes [2] . It is clear that the state of these structures in specific cases affects the uptake of active substances into the intracellular space. The possibility of targeted delivery of substances into cells using ultrasonic field has been established, both in drugs and in other macromolecular substances [3, 4] . Targeted synergetic effect of the ultrasound therapy and drugs is used in the sonodynamic therapy [5] . The still unsolved question is the effect of ultrasound on penetration of particles of nanometer scale into the intracellular space. This question is generally associated with particular risks of toxicity of nanoparticles, but it can be seen as a solution to some cancer treatment in the form of targeted therapy. Authors indicating the possibility of targeted nanoparticle delivery stimulated by ultrasound are not numerous and moreover they deal mainly with focused ultrasound of high intensity [6, 7] . The mechanism of ultrasound action in the cited works is nonthermal and it is explained by the following scheme: the oscillation and destruction of cavitation microbubbles as well as microstreaming and radiation forces are considered to be responsible for the transient rupture of vascular barriers and subsequent increase in the tumor's vascular permeability.
The amount of metallic nanoparticles in the environment and in everyday consumer products increases rapidly. Nanoparticles are included, for example, in cosmetics, clothing, personal care products, and even many foods [8] . For this reason, there are legitimate concerns about the possible interaction between the nanoparticles and the living tissues. The toxicity of some of the particles was demonstrated in both the lower and higher organisms [9] [10] [11] . Silver or titanium oxide nanoparticles belong among the frequently mentioned nanoparticles exhibiting toxicity and antibacterial effect [12, 13] .
Bimetallic nanoparticles are also synthesized and examined nanoparticles, for example, nanoparticles made of AgCu and their modification [14] . AgCu bimetallic particles exhibit toxicity and antibacterial effect which is even much higher than the antibacterial effect of nano-Ag alone [15] . High antibacterial effect was observed for other types of bimetallic nanoparticles obtained Ag atoms too, for example, binary nanocomposite Ag@Fe 3 O 4 [16] .
The aim of experiments was to describe the effect of the combined action of ultrasound and metallic nanoparticles on the viability of human cells. The reason for this action is nonzero probability of presence of nanoparticles in ultrasonic fields used for routine examinations of patients. Considering the existence of already used sonodynamic therapy in the treatment of cancer by cytotoxic drugs it seems useful to certify whether it is possible to achieve similar effect even when using a combination of ultrasonic field and nanoparticles. There is a way open for further use of nanoparticles in medicine, namely, in tumor therapy, after verification of this effect.
Materials and Methods

Cell Cultures and Chemicals.
Human ovarian carcinoma cell line A2780 was used, obtained from the European Cell Culture Collection. RPMI-1640 medium with L-glutamine (Bio Tech, Ltd., Prague, Czech Republic) supplemented with 10% fetal calf serum (Bio Tech) and 100 g/mL streptomycin/penicillin (Bio Tech) was used. The cell line was grown in cell culture flasks in an atmosphere of 95% air and 5% CO 2 at 37 ∘ C. The cells were detached from glass by trypsin addition (Bio Tech).
Ultrasound
Exposure. BTL-07 therapeutic ultrasound generator (Beautyline Ltd., Prague, Czech Republic) working at a frequency of 1 MHz with a 4 cm 2 probe was used as the source of ultrasound. The cells were exposed for 10 min to the near field of a horizontal beam of continuous-wave ultrasound at intensity of 1 W⋅cm −2 in a thermostated 37 ∘ C water bath. The exposure was carried out in a polyethylene tube fastened to a rotating holder (3 rpm). This experimental set-up provided uniform exposure of the entire volume of cell suspension. Ultrasound intensity and acoustic pressure were measured by means of a calibrated PVDF hydrophone, type MH28-6 (Force Institute Copenhagen, Denmark) by using the calibration protocol.
Nanoparticles.
The AgCu nanoparticles were synthesized in water by chemical coreduction of silver nitrate and copper (II) nitrate hydrate in a particular stoichiometric ratio (metal input equivalent to Ag-42 at% Cu in NPs, i.e., eutectic mixture) with 1,10-phenanthroline (polyvinyl alcohol-PVA, resp.) as a surfactant and sodium borohydride as a reducing agent in methanol at −40 ∘ C under an inert atmosphere of nitrogen. The product was separated by centrifugation for 10 min on a centrifuge at 6000 rpm. The nanoparticles were washed to remove organic-soluble residues by three or more cycles of resuspending in deionized Millipore water or in PBs for viability experiments.
The size and shape of nanoparticles were characterized by transmission electron microscopy (TEM) Philips CM12 STEM operated at 120 kV. Composition of nanoparticles was analyzed by the inductively coupled plasma atomic emission spectroscopy (ICP-OES). Zeta potential was measured by Zetasizer Nano ZS ZEN 3500. 
Experimental Design of Combined
Viability Test.
The following procedure was used to compare the viability of us, NPs, NPs + us, us + NPs, and control cells: a cell suspension was obtained by trypsinization of cells adhering to the flask bottom. To each well of a 96-well plate containing 5⋅10 4 cells in RPMI medium, a calculated volume of NPs stock solution was added to achieve a final concentration of nanoparticles of 9, 0.9, 0.09, 0.009, and 0.0009 g mL −1 . An equal volume of PBS free of NPs was added to the control cells. No trypsin was added. After incubation for 72 hours, the cells were washed in PBS and evaluated by a standard MTT test of viability [17] . Using an EL800 microplate reader (Bio-Tek, USA) the absorbance of a colour product in each well was recorded at 570 nm. The amount of the colour product is directly proportional to the metabolic activity of mitochondria (i.e., viability) in living cells.
Statistical Analysis.
The absorbance value for each group was converted into cell viability as follows: the median absorbance value of the control group (contr) was taken as 100%; the absorbance of each experimental group was expressed as a percentage of control value, that is, its viability relative to that of the control group. Because of a nonnormal distribution of the values for individual groups, the nonparametric Mann-Whitney -test at a significance level of = 0.05 was used. The statistical software STATISTICA 12 was used to calculate the median and the upper and lower quartiles.
The data of viability of each experimental group shown in graphs were obtained from 12 different analyses.
Results
Characterisation of Nanoparticles.
The size and shape of both AgCu nanoparticle colloids (containing phenanthroline or PVA) were observed by TEM. The outputs of this measurement including size distribution histograms are presented by Figures 1 and 2 . Both presented TEM images show nanoparticles of size below 100 nm. It is clear that the particles modified by phenanthroline are slightly larger than nanoparticles with PVA-see the maximum values of relative distribution function for AgCu/phenanthroline (diameter 23 mm) and AgCu/PVA (diameter 8 to 13 nm). The measured diameters of the AgCu/phenanthroline nanoparticles after the synthesis varied between 7-62 nm and 2-27 nm in the AgCu/PVA. Zeta potential measured for AgCu/phenanthroline was +5.25 mV, for AgCu/PVA −5.5 mV.
Cells Viability Test.
The viability value of the cells in the experimental groups NPs, us, and us + NPs (with different concentration of nanoparticles in both groups) was compared with the value of control group (contr), and the results are presented in Figures 3 and 4 .
The graph in Figure 3 shows the AgCu nanoparticles modified by phenanthroline; the graph in Figure 4 shows AgCu nanoparticles modified by PVA. Both graphs differ from each other. The first graph shows the nanoparticles with greater potential to affect viability of cells. This fact is evident from the lower value of cell viability for the NPs9 to NPs0.0009 experimental group compared to the same groups in Figure 4 . For example, Figure 4 shows almost 100% viability of cells treated with 0.09 g mL −1 concentration of nanoparticles (NPs0.09 experimental group) and the same concentration of the nanoparticles (0.09 g mL −1 ) shown in Figure 3 caused a change in viability to less than 80%. The IC50 concentration value was determined from the experimental values obtained in the phenanthroline type of nanoparticles as 0.11 g mL nanoparticles on cells was also tested. Greater suppression of viability was found in phenanthroline, as can be expected.
The main results of our experimental work-the study of the combined effects of ultrasound and nanoparticles-are also presented in the graphs on Figures 3 and 4 , respectively. The graph shows the decrease of viability for all experimental groups of both suspensions of the nanoparticles in the case of combined application of ultrasound and nanoparticlesexcept for the experimental group us + NPs0.009. The maximal decrease of viability for nanoparticles modified by phenanthroline when comparing nonsonicated and sonicated cells was found in experimental groups NPs0.9 and us + NPs0.9. The analogous comparing for PVA modified nanoparticles shows the maximum decrease of viability for a pair of experimental groups NPs0.09-us + NPs0.09. The difference between the control (contr) group and cells affected by ultrasound (us) alone is about 10%. Values of viability for a combination of ultrasound and nanoparticles (experimental groups us + NPs) do not show a simple additive effect (viability decrease value is not equal to the sum of the decreases in viability values of experimental group affected by nanoparticles and by ultrasound separately).
The significant decrease of viability by ultrasound in comparison with viability of cells affected only by nanoparticles is presented in Table 1 . The experimental groups NPs9, NPs0.9, and NPs0.09 are statistically different in comparison with identical experimental groups affected by ultrasound.
Discussion
The feasibility of the synthesis and modification of nanoparticles are not the subject matter of this paper. It aims to describe the influence of nanoparticles on cells under simultaneous application of ultrasound. This effect has been investigated by using two differently modified suspensions of AgCu nanoparticles. The first version of these nanoparticles was surface modified by phenanthroline (high cell toxicity was expected initially). The second version was nanoparticles modified by PVA (lower cell toxicity was expected). The presented results show almost the same sizes of nanoparticles; a significant difference was therefore only in their surface modification. Just the surface modification seems to be a factor that determines the final toxicity of nanoparticles. It can be stated that the effect of nanoparticles on cell viability is a complex phenomenon, where not only the kind of nanoparticles and their size play a role [18] , but also their surface modification. Surface modification of the nanoparticles according to the results of experiments affects not only the aggregation of nanoparticles but also their biochemical and biophysical properties.
The study on cell viability examined the effect of the AgCu nanoparticles alone, of the ultrasonic field alone, and of their combination. The ultrasonic field was applied with the intensity of 1 W⋅cm −2 . This intensity value is commonly used in ultrasonic therapy and under our experimental conditions did not produce cavitation effects.
From the obtained data it is clear that the nanoparticles AgCu/phenanthroline compared with AgCu/PVA exhibited higher ability to reduce cell viability. The significant difference Journal of Cancer Research 5 and copper concentration of 5 mg mL −1 in average (however, for different types of cells). Combining ultrasound and nanoparticles causes a decrease in cell viability in comparison with the effect of nanoparticles alone. Thus it could be assumed that it is purely additive effect of nanoparticles and ultrasonic field. Effect of ultrasound on the decrease of cell viability was observed for both variants of AgCu and for all tested concentrations of these nanoparticles. The obtained data show that the used ultrasound field did not change properties of nanoparticles and their different toxicity was preserved. This is the answer to the question whether the application of ultrasonic field can result in a change of the surface properties of nanoparticles (there is still a big difference between the viability effect of AgCu phenanthroline and AgCu PVA) or cause their aggregation and change their size. If the surface modification of nanoparticles is made by ultrasound, changes can be assumed in mutual viability ratio in analogous experimental groups of AgCu/phenanthroline and AgCu/PVA (e.g., comparisons of viability in the NPs0.9 phenanthroline group with NPs0.9 PVA and us + NPs0.9 phenanthroline with us + NPs0.9 PVA).
The use of ultrasound to promote treatment is well known and called sonodynamic therapy [5] . There is no discussion on using ultrasound to enhance the effect of the drug as in this case. The authors were focused on the benefit (or risk) of ultrasound with respect to its mechanical action on nanoparticles. The possibilities of delivery of small object by ultrasound are documented already [20] . The principle of drug and nanoparticle delivery by ultrasound is not fully explained yet; however, it can certainly differ according to the character of the studied substance. One of the suggested hypotheses in agreement with the results of the present study is based on ultrasound-conditioned "acoustic radiation force induced displacement" of particles [21] . A similar hypothesis involves the hydrodynamic stress that allows sonoporation as described in a review article by Rosenthal et al. [5] . The effects of ultrasound action lead to the formation of pores and increase permeability of membranes [22] . There are also hypotheses for explaining the sonoporation phenomenon from physical point of view, but all based on the existence of oscillating microbubbles.
The authors admitted the existence of all mechanical manifestations of ultrasound on the biological level during the experiments. There was assumption that the effect of cavitation bubbles was limited due to the low ultrasound intensity in this case. Much greater cell affection by combined effect of ultrasound and nanoparticles can be expected when using ultrasound with higher intensity. However, this is undesirable because such ultrasound exposure could be very destructive for cells and tissues due to the cavitation manifestations.
Furthermore, it is necessary to consider the possibility of an effect of ultrasound on the aggregation of nanoparticles. The ultrasonic oscillations can theoretically affect their aggregation. However, the substances adsorbed on the particle surface (phenanthroline, PVA) prevent aggregation of the nanoparticles. It is also known that the viability of cells after combined effect of ultrasound and nanoparticles decreased. This result implies that there was probably no aggregation of nanoparticles during the application of ultrasound.
Conclusion
The results of experiments show that the toxicity of nanoparticles is determined not only by the selected type of metal, but also by its surface modification. Nanoparticles modified by phenanthroline reduce the cell viability of most. Experiments show the greatest reduction of cell viability in the case of a combination of nanoparticles and ultrasonic field. This viability decrease was probably caused by a simple additive effect (independent effect of nanoparticles and ultrasound). An arrangement can be assumed in which nanoparticles and ultrasonic field could be used for targeted action. The safety question of the action of the ultrasonic field in the presence of the nanoparticles in the human body at the same time was answered. There has been found a statistical change in the value of cell viability for the experimental groups affected by nanoparticles alone compared to the more effective action of nanoparticles in combination with ultrasound based on the performed experiments.
